The ratio of the 0-0 to 0-1 peak intensities in the photoluminescence (PL) spectrum of red-phase poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], better known as MEH-PPV, is significantly enhanced relative to the disordered blue-phase and is practically temperature independent in the range from T = 5 K to 180 K. The PL lifetime is similarly temperature independent. The measured trends are accounted for by modeling red-phase MEH-PPV as disordered π -stacks of elongated chains. Using the HJ-aggregate Hamiltonian expanded to include site disorder amongst electrons and holes, the absorption and PL spectra of cofacial MEH-PPV dimers are calculated. The PL 0-0/0-1 line strength ratio directly responds to the competition between intrachain interactions which promote J-aggregate-like behavior (enhanced PL ratio) and interchain interactions which promote H-aggregate-like behavior (attenuated PL ratio). In MEH-PPV aggregates, J-like behavior is favored by a relatively large intrachain exciton bandwidth -roughly an order of magnitude greater than the interchain bandwidth -and the presence of disorder. The latter is essential for allowing 0-0 emission at low temperatures, which is otherwise symmetry forbidden. For Gaussian disorder distributions consistent with the measured (inhomogeneous) line widths of the vibronic peaks in the absorption spectrum, calculations show that the 0-0 peak maintains its dominance over the 0-1 peak, with the PL ratio and radiative lifetime practically independent of temperature, in excellent agreement with experiment. Interestingly, interchain interactions lead only to about a 30% drop in the PL ratio, suggesting that the MEH-PPV π -stacks -and strongly disordered HJ-aggregates in generalcan masquerade as single (elongated) chains. Our results may have important applications to other emissive conjugated polymers such as the β-phase of polyfluorenes. © 2013 AIP Publishing LLC.
I. INTRODUCTION
Energy and charge transport in conjugated polymer films continues to be an active area of research, driven largely by the promise of highly efficient plastic solar cells and lightemitting diodes. [1] [2] [3] Relatively recent research [4] [5] [6] [7] [8] has shown that polymer photophysics can be understood using the ideas developed by Kasha and co-workers [9] [10] [11] [12] for understanding absorption and fluorescence in molecular J-and H-aggregates. The classification of H-vs. J-aggregation was a key development in understanding the relationship between morphology and photophysical function in molecular assemblies. Electronic interactions between molecules induce delocalized excited states, or Frenkel excitons, creating a red-shift (blueshift) of the main absorption peak in J-(H-) aggregates when compared to isolated molecules in solution. Radiative properties are also affected quite differently in the two aggregate types: in J-(H-) aggregates the symmetry of the lowest energy exciton dictates enhanced (depressed) radiative decay rates relative to the monomer.
The J-aggregate model for a single polymer chain has been successfully used to understand singlet exciton fluorescence in polydiacetylenes (PDAs) 8 as well as triplet exciton phosphorescence in a Pt-containing phenylene-ethynylene polymer. 13 The PDA derivatives referred to as 3BCMU and 4BCMU are ideal test objects for studying the spectroscopy of one-dimensional systems because they can be prepared as isolated, perfectly ordered π -bonded chains with macroscopic dimension. [14] [15] [16] Absorption and fluorescence spectra of "red-phase" 3-BCMU-PDA feature a remarkable asymmetry regarding the vibronic coupling to the lowest optically allowed singlet exciton state; in the photoluminescence (PL) spectrum, the ratio of the 0-0 and first side band (0-1) vibronic peak intensities (with the latter corresponding to the 1400 cm −1 vinyl stretching mode) far surpasses the analogous absorption ratio at low temperatures; for example, when T = 13 K the PL 0-0/0-1 ratio is approximately 10 2 , about an order of magnitude greater than the corresponding ratio in the absorption spectrum (0-0/0-1) measured at T = 15 K. 15 Moreover, the PL ratio is strongly temperature dependent, diminishing by about a factor of three when warmed from T = 13 K to 80 K. 16 The PL ratio directly probes delocalization of the exciton states, tractable in terms of J-aggregate model developed earlier. 17 In this model, the ratio of line strengths, I P L with temperature measured in PDA reflects thermally induced localization. Interestingly, the absorption ratio directly tracks the exciton bandwidth 18 (as opposed to coherence length probed by the PL ratio), establishing a fundamental difference between the two spectra and leading to the aforementioned asymmetry.
Several previous theoretical works [19] [20] [21] have shown that the Huang-Rhys (HR) factor for a single polymer chain decreases with increasing chain length, effectively accounting for the increase in the PL ratio, I 0−0 P L /I 0−1 P L , with the number of monomer repeat units. However, such theories are based on the adiabatic approximation, which support the same HR factor for absorption and emission (i.e., mirror image symmetry). Treating the vibrations dynamically, as is done here and in our former works using Holstein-based Hamiltonians, 17, 18 shows that generally it is not possible to describe the vibronic progressions in absorption and emission with the same HR factor; there is no mirror image symmetry in absorption and emission.
When two polymer chains interact within a π -stack, the PL ratio is sensitive to the exciton delocalization along the chain and between chains. However, the positive coupling between chains, as exists in a H-aggregate, leads to a destructive interference in the interchain exciton coherence, as opposed to the constructive interference existing within a chain (and typical of J-aggregates). The destructive interference causes I 0−0 P L /I 0−1 P L to decrease upon aggregation, exactly opposite to what is expected in J-aggregates; 17, 18 in the limit of no disorder and low temperature perfect destructive interference between the chain emitters in H-aggregates leads to the disappearance of just the 0-0 peak within the vibronic progression. 18 This destructive interference is consistent with a high wave vector exciton at the band bottom, the defining characteristic of H-aggregates.
Polymer π -stacks are therefore hybrid "HJ-aggregates" with photophysical properties determined by a competition between intrachain coupling inducing J-like behavior, and interchain coupling inducing H-like behavior. 22 The competition is strongly influenced by morphology, through the nature and magnitude of the diagonal and/or off-diagonal disorder. 23 In poly [3- hexylthiophene] -or P3HT -prevailing H-like behavior has been observed in spin cast films, [5] [6] [7] where the Haggregate model has been very successful in accounting for photophysical properties, while prevailing J-type behavior has recently been observed in nanofibers, 23 where stronger intrachain interactions, consistent with reduced intrachain disorder, leads to much larger 0-0/0-1 PL ratios. It is straightforward to conjecture whether or not other π -conjugated polymers that are not perfectly ordered but feature some topological (static) disorder can display J-dominant or H-dominant behaviors.
In this work, we apply the concept of HJ-aggregates to the well-studied polymer, poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), which has been widely investigated in solution and spin-cast films [24] [25] [26] [27] [28] [29] as well as single molecules. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Recent work by three of us 27 showed that MEH-PPV chains dissolved in methyltetrahydrofuran (MeTHF) undergo a phase transition at approximately 200 K. Above this temperature, the polymer exists in a disordered coil morphology referred to as the blue phase. As the solution is cooled through the transition temperature, the polymer assembles into aggregates (the "red-phase") in which polymer chains are substantially elongated causing a red shift of the absorption and fluorescence spectra relative to the spectra of more disordered chains. Interestingly, the 0-0/0-1 PL ratio is substantially larger in the aggregated form, exactly opposite to what is found in spin-cast P3HT aggregates, and defying the predictions of the simple H-aggregate model.
The goal of the current work is to study the spectroscopic properties of red-phase MEH-PPV as a function of temperature, systematically covering a temperature range down to 5 K. An initial increase of the ratio with temperature would indicate dominant H-like behavior, as observed in spin-cast P3HT films 5, 7 while a decrease of the ratio with temperature would indicate J-like behavior, as was observed for isolated PDA chains. 16 We are particularly interested in the impact of disorder on the temperature dependence of the 0-0/0-1 PL line strength. To this end, we have enhanced the HJ-aggregate model introduced in Ref. 22 to include electron and hole site disorder.
A very elegant earlier work by Collison et al. 26 showed that the room-temperature PL spectral line shape of MEH-PPV dissolved in a toluene/hexane solvent mixture can be understood using a two-emitter model; the vibronic progression arising from isolated disordered chains is superimposed on a red-shifted vibronic progression arising from aggregates. Collison et al. 26 concluded that although the red-phase corresponds to aggregates, the spectral line shapes are consistent with single (elongated) chains. Single-molecule studies have also associated the red-shifted spectrum with aggregates 30 but emphasizing that the photophysics can be understood in terms of single elongated chromophores. 30, 31 How is it then possible to reconcile the profound effect of aggregation on the PL line shape of spin-cast P3HT films with the apparently mild effect of aggregation on red-phase MEH-PPV? By measuring the temperature dependence of the PL line shape in red-phase MEH-PPV aggregates down to 5 K, and interpreting the results in terms of the disordered HJ-aggregate model, we show here that interchain interactions are certainly not negligible in MEH-PPV aggregates and that the PL line shape properly reflects a competition between intrachain and interchain forces tempered by the presence of substantial disorder.
II. EXPERIMENTAL METHODS
Absorption and photoluminescence spectra were taken from MEH-PPV (ADS, M w = 1000 kD) in MeTHF solution at a concentration of 5 × 10 −5 mol/l using, for absorption, a home-built setup consisting of a tungsten lamp, the sample in a fused silica 1 mm cuvette inside a continuous-flow temperature-controlled cryostat, a monochromator, and a silicon diode connected to a lock-in amplifier. For photoluminescence spectra, a PicoQuant laser diode at 405 nm was used to excite the sample and an Oriel Instaspect IV CCD-camera attached to a spectrograph was used to record the spectrum. Photoluminescence lifetimes were measured by timecorrelated single photon counting (TCSPC) using a FluoTime 200 time-resolved spectrometer by PicoQuant. For excitation, a PDL 800-D pulsed diode laser with a wavelength of 405 nm was used, the detector was a MCP-PMT by Hamamatsu and the data acquisition unit was the PicoHarp 300 TCSPC system. The time resolution of the setup is about 70 ps.
For an analysis of the spectra, the ratio between the intensity of the 0-0 and 0-1 peaks in the absorption and PL spectra needs to be known precisely. We have modeled the absorption spectrum,Ā( ω), and the PL spectrum,S( ω), as Franck-Condon (FC) transitions involving several intramolecular vibrational modes, i, according to 38 A( ω) = n( ω)
where ω i is the frequency of the ith mode, m i = 0,1,2,. . . is the number of vibrational quanta in the ith mode, and the set of integers {m i } identifies a particular combination peak, for example, {0, 0, . . . , 0} pertains to the "0-0" peak with energy 1b) ) on the refractive index n of the surrounding medium and on the frequency arises from considering the influence of the photon density-of-states in the medium surrounding the emitter on its absorption rate (emission coefficient).
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III. EXPERIMENTAL RESULTS
We have recently shown that MEH-PPV in moderately dilute MeTHF solution undergoes a phase transition from a disordered, coiled conformation to a conformation containing extended chain segments that are characterized by a redshifted absorption and emission. 27 The transition from the disordered, "blue" phase to the ordered, "red" phase can be induced by a change in temperature. Both conformations have been observed for a variety of experimental conditions, including even measurements on single-molecules and coreshell-structures. 26-31, 33-37, 40 Fig . 1 shows the absorption and emission spectra for MEH-PPV in MeTHF solution at 300 K, where the polymer chain is coiled, and at 80 K, where the extended red phase prevails. One may notice that at 300 K, the absorption and emission spectra appear to be of comparable shape, except for the size of the inhomogeneous broadening. In contrast, at 80 K the 0-1 peak in emission centered on 1.90 eV is much lower than the corresponding peak at about 2.25 eV in absorption. Such a feature has been predicted as a signature for a J- aggregate 8 and it has also been observed for perfectly ordered systems such as crystalline polydiacetylene. 15 The difference in vibrational peak intensities can be assessed using a FC analysis. We stress that at this level such an analysis is approximate, as it does not account for the changes that the FC progression undergoes upon aggregation. The 0-n vibronic peak intensities are affected differently by aggregation, 4, 5 the most dramatic example being the uniquely attenuated 0-0 peak in the PL spectrum of H-aggregates. Such effects will be considered in Secs. V and VI.
Figs. 2(a) and 2(b) show the normalized absorption and emission of the blue phase and red phase, respectively, along with the Franck-Condon fit. The luminescence spectra have been corrected for the cubic dependence of the radiative decay rate on photon frequency, and the linear dependence on photon frequency of the absorption was accounted for in the absorption spectra. 39 For the Franck-Condon analysis, we considered the three modes at 70 meV, 155 meV, and 192 meV that can be resolved in the emission spectrum taken at 5 K (see Fig. 4 further below). The 192 meV mode reflects a carbon-carbon stretching vibration, the 155 meV mode is associated with a coupled carbon-carbon stretching/carbonhydrogen bending motion, and the 70 meV mode is likely to involve some torsional or librational motion.
The analysis of the 300 K spectra ( Fig. 2(a) ) shows that the experimental spectra can be well reproduced with these 3 modes. The line width σ is narrower in emission (σ = 55 meV) than in absorption (σ = 75 meV), consistent with energy transfer after absorption from a distribution of excited conjugated segments to the longer ones. The total "effective" Huang-Rhys factor, S = S 1 + S 2 + S 3 , is S = 1.10 in emission and S = 1.45 in absorption, i.e., it is comparable, differing by only a factor of 1.3. From the intensities of the vibrational modes in Fig. 2(a) , one sees that upon absorption, the electronic transition couples most prominently to the low-energy torsional mode at 70 meV. In contrast, the luminescence involves mainly the modes associated with carboncarbon stretching motions.
In the red phase prevailing at 80 K, the coupling to the low-energy torsional modes is also dominant in absorption, yet very low in emission. However, in contrast to the coiled phase at 300 K, the total values for the effective HuangRhys factors differ strongly, by about a factor of 2, with S = 0.78 in emission and S = 1.61 in absorption. Moreover, the linewidths for emission (σ = 22 meV) and absorption (σ = 24 meV) are narrowed by more than a factor of two compared to the blue phase at 300 K. We note that the FC fit for absorption does not account for the extra asymmetric broadening of the vibronic peaks observed in experiment. Such an asymmetry may arise from a distribution of conjugation lengths.
The evolution of the effective Huang-Rhys factors as a function of temperature for the red phase is shown in Fig. 3(a) . For the luminescence, they are constant over the entire temperature range investigated for the red phase. In absorption, the overall amount of geometric distortion also remains constant. Considering the contribution of the different modes shows, however, a continuous reduction with decreasing temperature of the 70 meV mode associated with torsional motion and a concomitant increase of the carboncarbon stretching mode at 192 meV. This redistribution may suggest a further planarization in the chain conformation upon cooling. Analogous to the Huang-Rhys factors, the fluorescence lifetimes (Fig. 3(b) ) are also constant. A factor that changes, however, is the Gaussian linewidth σ (Fig. 3(c) ). It reduces by nearly a factor of 2 when going from 120 K to 5 K. This narrowing of the emission spectra is accompanied by further bathochromic shift, as evident in Fig. 4 .
IV. MEH-PPV DIMERS: THE DISORDERED HJ-AGGREGATE MODEL
In the following, we will show that the basic photophysical features observed for red-phase MEH-PPV can be under- stood using the HJ-aggregate model developed in Ref. 22 , enhanced to include electron/hole site-energy disorder. We treat the simplest aggregate -a dimer, consisting of two cofacial MEH-PPV chains, each containing N repeat units. Vibronic coupling of the 1 1 B u intrachain exciton to the three vibrational modes identified in Sec. III are accounted for by coupling to a single effective mode, with energy, ω 0 = 0.174 eV (1400 cm −1 ), which is the approximate spacing between the first two vibronic peaks in the 80 K absorption spectrum in Fig. 1 . Since the HJ model resolves exciton motion along a given chain (as well as between chains), the relevant HR factor for the effective mode relates to a single phenylenevinylene repeat unit, where only the HOMO and LUMO levels are retained in our course-grained approach. Hence, for a neutral Frenkel-like excitation corresponding to a HOMO-LUMO transition within a given monomer the HR factor was set to λ 2 0 = 2, consistent with the value extrapolated from the measured HR factors in a series of OPVn molecules, where n = number of phenyl groups.
19 (In Ref. 19 , the HR factors deduced from the measured PL spectra increase with decreasing n to a value of approximately 1.5 for stilbene.) The HJ model also allows for charge-separated states. Hence, for the cationic (half-filled HOMO) and anionic (half-filled LUMO) monomers, we took slightly smaller values for the HR factors, λ In the disordered HJ-aggregate model, the Hamiltonian for two coupled polymer chains is written as 
A full description of H s is given in Ref. Maintaining charge conjugation symmetry, we take t e = t h = −t (with t > 0) as for a direct bandgap semiconductor.
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V(r) is the Coulombic interaction between electron and hole separated by |r| unit cells,
Hence, e e + e h − U is the energy required to create a (singlet) e/h pair within a given unit cell, while U − V 1 is the energy barrier for charge separation between adjacent unit cells.
To describe the binding well, we took U = 1.0 eV and V 1 = 0.5 eV, essentially the same parameters as those used by Wu and Conwell 41 for describing MEH-PPV (but without vibronic coupling). However, whereas t = 1.0 eV was used in Ref. 41 , we chose t = 0.5 eV, in order to obtain the best reproduction of the absorption spectral line shape (see below).
The band of phonons deriving from the effective phenylene-vinylene-stretching mode is taken to be dispersionless with frequency ω 0 ≈ 0.175 eV/ (i.e., Einstein phonons). Their influence on the total energy is contained in the last three summation terms in Eq. (3). b † n (b n ) creates (destroys) a vibrational quantum in the ground state (S 0 ) nuclear potential well corresponding to the absence of electrons and holes in monomer n (i.e., a filled HOMO level). The second to last summation term accounts for elongation along the vibrational coordinate when the nth monomer is excited to the neutral state S 1 containing a single e/h pair. The corresponding nuclear potential, S 1 is shifted relative to S 0 and is characterized by a HR factor λ The electronic interactions between chains is given by
Here, a simplified form of the Coulombic, interchain coupling J inter is assumed in which the interactions are limited to adjacent (same n) repeat units on opposing chains. The basis functions are defined with |n,
, where |g is the pure electronic dimer ground state in which all 2N monomers are unexcited (filled HOMO levels). In reality, a given monomer on one chain interacts with all monomers on another via through-space coupling. The absorption spectrum depends only on the k = 0 interaction sum, denoted as J inter (k = 0), which is the sum of interactions between all monomer repeat units on one chain and a given monomer repeat unit on the other. In our simplified Hamiltonian we have, J inter (k = 0) = J inter , and therefore view J inter , as the effective through-space interaction between the two chains.
Finally, in order to incorporate disorder, which is necessary to account for the temperature dependencies of the PL spectral line shape and radiative decay rate (see Sec. VI), we assume a simple model accounting for the transition frequency deviation, e n,s ( h n,s ) for an electron (hole) on the nth repeat unit of the sth chain. Such offsets are measured against the mean electron or hole energies, e e and e h , respectively, and are Gaussian distributed random variables with the distribution given by
In Eq. (6) 
Since our Hamiltonian (2) is defined in the subspace containing a single electron and a single hole, all local basis states will be detuned by the sum of an electron detuning plus a hole detuning, independent of whether the electron and hole occupy the same site (as in a Frenkel-like excitation) or different sites (as in a charge-separated state). A more sophisticated model would distinguish these two cases with possibly different disorder widths. 42 The Hamiltonian in Eq. (2) is represented in the multiparticle basis set, including up to 3-particle states which can either be Frenkel-like states or Charge-Separated (CS) states. 8, 43 Here, an n-particle excitation involves n monomer repeat units which are excited either electronically or purely vibrationally, under the constraint that there is always a single electron and single hole excitation. For example, a three particle state can contain a Frenkel-like excitation on one site (electron/hole pair) and two purely vibrational excitations on two other neutral sites. (Pure vibrational excitations consist of a repeat unit with a filled HOMO but with one or more vibrational quanta in the S 0 nuclear potential specific to that site.) A three-particle state can also consist of a charge separated pair occupying two sites, with an additional vibrationally excited neutral site. In this work, we retain only the CS states in which the electron and hole exist within a single chain. (Hence, we neglect polaron pair states.) The multiparticle states can be further classified as entirely intrachain or mixed inter/intrachain states. In the latter, excitations are distributed over the two chains, as would exist, for example, in a 3-particle CS state where the electron/hole pair exists on one chain while a pure vibrational excitation resides on the opposite chain. In the calculations to follow, we cap the total number of vibrational quanta in a multiparticle state at six, regardless of whether the state is Frenkel-like or CS. Once the Hamiltonian is expressed in the multiparticle basis set, numerical methods are used to obtain all eigenstates and energies.
It is useful to first characterize the excitons on a fully symmetric dimer, i.e., without disorder. The relevant Hamiltonian, H − H dis , was analyzed in detail in Ref. 22 . Application of periodic boundary conditions along the polymer backbone, allows all eigenstates to be described with a dimensionless wave vector k (= 0, ±2π /N, ±4π /N, . . . ) along the chain as well as their symmetry (+,−) with respect to the dividing reflection plane. Hence, the dimer Hamiltonian H − H dis can be factored into blocks, identified as (k,+) and (k,−) where the sign indicates the symmetry with respect to reflection. The αth eigenstate in block (k,j) with j = +,− is denoted as | k, j, α and has energy ε k, j, α . Eigenstates with α = 1,2,. . . increase in energy and involve increasing admixtures of states with more vibrational quanta.
Because J inter is taken to be positive, consistent with Haggregation, the lowest energy exciton is antisymmetric (−). However, along the chain the wave vector remains k = 0, as in a linear J-aggregate. Hence, the lowest energy exciton has hybrid J/H character. It is identified by the quantum numbers, (k = 0,−, α = 1), and, by Kasha's rule, is the primary emitting state in a disorder-free dimer at low temperatures. When the interchain coupling is weak, the zeroth-order emitting exciton is given by (3) shows that the 1 1 B u exciton has a Bohr radius of ≈10 Å and a binding energy of ≈0.58 eV, slightly larger than values ranging from 0.35 eV to 0.54 eV reported in the literature. 41, 44 Increasing interchain interactions mixes the zero-order antisymmetric states in Eq. (8) with increasing α (involving one or more vibrational quanta), the equivalent of inter-band mixing in Frenkel aggregates. 45 Figure 5(a) shows the k-dependent energies corresponding to the eigenstates of H 1 for a single, ordered chain, evaluated numerically within the aforementioned multiparticle basis set. Several bound states are observed to split off the freepolaron continuum, the lowest of which (α = 1) corresponds to the 1 1 B u exciton which is dominated by admixtures with
Frenkel-like and CS states containing on average almost no vibrational quanta. Such states contribute to the first vibronic (0-0) peak in the absorption spectrum. The next higher energy band (α = 2) corresponds to excitons similar to the 1 1 B u exciton but containing an average of close to one vibrational quanta. Such states give rise to the second vibronic peak in the absorption spectrum (0-1), 46 but are too high in energy to contribute significantly to emission. Figure 5(a) shows that the associated bandwidth, E intra , for the (α = 1) 1 1 B u exciton is approximately E intra = 0.2 eV, reflecting the strength of the intramolecular coupling as mediated by t and modulated by the narrowing influence of vibronic coupling. E intra is far smaller than the full bandwidth of ≈4 eV which also includes the unbound intrachain polarons (note the axis break in Fig. 5(a) ).
Through-space Coulombic coupling within the dimer splits the 1 1 B u band into a low-energy antisymmetric (ε k, −, α = 1 ) band and a higher-energy symmetric (ε k, +, α = 1 ) band, as depicted in Fig. 5(b) . For the simplified form of the Coulombic coupling in Eq. (5), the band splitting, E inter , is approximately independent of k when the excitonic coupling within the chain is strong, i.e., the high energy dispersion curve is vertically displaced by E inter relative to the low-energy band. The interchain coupling, J inter , within the MEH-PPV dimer leads to the exciton splitting, as depicted in Fig. 5(b) . As shown in Ref. 22 , the splitting is given by
The splitting E inter is not simply 2J inter but is substantially reduced by an additional factor of Fφ 0 . The factor φ 0 arises because the Frenkel-exciton coupling in Eq. (3) depends on the probability (φ 0 ) of the electron and hole being on the same unit cell. Our calculations using the parameters which best describe MEH-PPV (see caption of Fig. 5) give φ 0 ≈ 0.4 . The factor F is a generalized FC factor accounting for vibronic coupling and ranges from exp[−λ 2 0 ] in the weak exciton coupling limit to unity in the strong exciton coupling limit. Since coupling is dominant within the chain, F can be approximated by using the single-chain value, F ≈ 0.5. Hence, Eq. (9) gives a splitting, E inter ≈ 0.4J inter , in MEH-PPV dimers.
V. ABSORPTION IN MEH-PPV DIMERS
The main effect of introducing site disorder H dis in Eq. (7) is to mix the various k-states within the two lowest energy bands in Fig. 5(b) . The result is primarily an increase of the line width corresponding to the |G → 1 1 B u exciton transition (the 0-0 transition), as well as higher energy vibronic transitions (i.e., 0-1). However, because the calculated intrachain bandwidth, E intra = 200 meV, is considerably larger than the measured line width σ (≈30 meV at T = 80 K), we might expect motional (or "exchange") line narrowing to be important. Such narrowing is one of the hallmark signatures of J-aggregates and has been extensively studied by Knapp 47 and Fidder et al. 48 for linear Frenkel aggregates (without vibronic coupling). When the exciton bandwidth, W , satisfies, W N 3/2 σ dis /π 2 , the absorption spectral line width is reduced to σ dis / √ N , where σ dis is the width of the inhomogeneous (Gaussian) distribution of chromophore site energies and N is the number of chromophores in the aggregate. For increasing N, the inequality eventually cannot be satisfied and the line width converges to a value between σ dis and σ dis / √ N . Although our model Hamiltonian in Eq. (2) is not of the simple Frenkel exciton form, motional narrowing due to exciton delocalization over the 2N monomers comprising the MEH-PPV dimer remains operative. Recently, motional narrowing of the environmental disorder has been demonstrated in MEH-PPV and its oligomers. 49 Since intrachain exciton coupling is so much larger than the interchain coupling in MEH-PPV, the main effect of motional narrowing can be obtained through analysis of a single chain using the uncorrelated inhomogeneous distribution of electron and hole energies in Eq. (6) . Unfortunately, the basis set necessary to obtain a converged absorption spectrum for a chain containing more than eight repeat units is so large that averaging over the thousands of configurations of disorder needed to obtain a good signal to noise ratio is not feasible. Therefore, to estimate the impact of motional narrowing we made the approximation that disorder couples only states within the same vibronic band. For a single chain, we determine the impact of motional narrowing by expressing H dis in Eq. (7) in a basis set consisting of all N excitons in the lowest energy band (1 1 B u band) of Figure 5 (a). Such a procedure gives a single, inhomogeneously broadened (0-0) peak absorption spectrum from which the line narrowing can be determined. Our goal was to determine what value of σ dis is necessary to obtain a line width which best describes the spectra of Sec. III, σ ≈ 32 meV. The latter is slightly larger than the value deduced from our FC fit, but accounts for the extra asymmetric broadening found in the measured spectrum. Our choice of σ dis will also reproduce the measured PL line width (see below). From such an analysis, we found a very significant motional narrowing of about a factor of 2.8 in the large N limit; in other words, the calculated line width is σ = σ dis /2.8, so that σ dis = 90 meV is necessary to reproduce the measured line width (32 meV) . The N dependence of the calculated line width σ is depicted in Fig. 6 . σ follows the predicted 1/ √ N dependence up to N = 7, thereafter converging to approximately the experimental value, σ dis /2.8.
We checked our approximate treatment of disorder by comparing it to exact calculations involving small chains with up to six repeat units (2000 configurations), and the line widths calculated by both methods are in excellent agreement. We also note that in our small oligomer calculations the relative intensities of the various vibronic bands, in particular the 0-0/0-1 ratio of oscillator strengths, was not affected by disorder, so that disorder primarily affects the line widths, as anticipated. Thus, in order to obtain the absorption spectral line shape for large chains and dimers thereof, we evaluate transition strengths from disorder-free chains and broadened each transition using a Gaussian line shape function with a width of 32 meV. This "homogeneous" approximation precludes the time-costly averaging procedure allowing one to work with large-N chains. Moreover, in the homogeneous limit, the absorption spectrum depends only on the totally symmetric states, i.e., the k = 0 excitons which are symmetric (+) with respect to the reflection plane dividing the two chains. The absorption spectrum is obtained using the expression
with the oscillator strength given by
Here, ω k, +, α ≡ ε k, +, α / , andμ is the dipole moment operator,μ
with μ 0 equal to the S 0 → S 1 transition dipole moment of the phenylene-vinylene monomer unit, polarized mainly along the polymer backbone. In Eq. (11), |G is the vibrationless ground state of the polymer,
where |0, 0, . . . , 0 indicates that there are no vibrational quanta in the monomer S 0 (unshifted) nuclear potentials (the vacuum state). Finally, is a line shape function, chosen here to be a peak-normalized Gaussian,
with a width, σ = 32 meV. for isolated chains (J inter = 0) to about 1.1 for the largest interchain coupling shown (J inter = 50 meV), in good agreement with the experimentally determined ratio from Fig. 1(b) . 27 The decrease in R abs with increasing interchain interaction is characteristic of H-aggregates as discussed in detail in Ref. 18 , and is ultimately traced back to the positive sign of J inter . For a single chain, the value of R abs ≈ 1.25 is substantially larger than the value of 0.5 which arises from an isolated monomer (phenylene vinylene unit), as follows from the usual Poissonian distribution, I 0−v mon ≈ λ 2v 0 exp(−λ 2 0 )/v! using λ 2 0 = 2. The more than doubling of R abs when the coupling, t, between repeat units is activated (t = 0.5 eV) can be viewed as a decrease in vibronic coupling due to the delocalization of the exciton over the entire chain. 21 An increasing R abs with electronic coupling is also a defining signature of J-aggregates. 18 Increasing t to 1 eV (not shown) in a single chain leads to a very large increase in R abs to almost 3, thereby justifying our choice of t = 0.5 eV for MEH-PPV. Overall, the absorption spectrum of aggregated MEH-PPV responds like a J-aggregate with respect to intrachain coupling and a H-aggregate with respect to interchain coupling.
Careful inspection of the absorption spectra in Fig. 7 shows that the spectral separation between the first two vibronic peaks in the absorption spectrum is slightly larger than a single vibrational quantum. We have verified that the dilation is mainly due to truncating the basis set at the threeparticle level. Inclusion of four-particle states in evaluating the absorption spectra of small oligomers reduces the spectral gap to a single vibrational quantum and, most importantly, shows a less than 5% change in the relative oscillator strengths.
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VI. EMISSION FROM DISORDERED MEH-PPV DIMERS
Unlike in the absorption spectrum, the relative intensities of the vibronic peaks within the PL spectrum depend very strongly on disorder. As a simple example, consider a disorder-free H-aggregate at T = 0 K. In this limit, the 0-0 emission peak is entirely absent from the vibronic progression due to a total destructive interference between emission from the two chains. 22 The 0-0 line strength increases with increasing disorder as the symmetry is broken. Hence, in order to properly evaluate the PL line shape in MEH-PPV dimers, one must deal with the full Hamiltonian in Eq. (2), and average the spectra over an ensemble of electron and hole site-energy configurations.
The emission spectrum for a distribution of disordered dimers at temperature T is evaluated using the expression
(15) The sum in Eq. (15) represents a vibronic progression involving transitions terminating on ground electronic states (all repeat units with a filled HOMO) with a total of v t vibrational quanta distributed amongst the associated 2N monomeric S 0 potentials. α designates the αth eigenstate of H in Eq. (2) for a disordered dimer identified by the configuration of electron and hole site energy deviations, ( Fig. 7 also shows the numerically calculated PL spectra using Eq. (15) for several values of J inter . Averages were performed over 10 4 configurations of disorder. All of the spectra are evaluated at T = 80 K (needed for the Boltzmann average) and for the disorder width, σ dis = 90 meV, which reproduced the line widths of the vibronic peaks in the absorption spectrum (see Sec. V). The figure shows that the impact of J inter on the PL spectrum is far more dramatic than on the absorption spectrum, with most of the changes confined to the 0-0 line strength. The substantial drop in the PL 0-0 peak intensity with increasing interchain coupling is characteristic of H-aggregates and is due to more effective destructive interference between the emitting chains. Interestingly, the side-bands are far less sensitive, only slightly decreasing with J inter . The 0-0/0-1 PL ratio matches the measured value in the red-phase spectrum (see Fig. 1 ) when J inter = 30 meV. Note that our calculations also reproduce the measured 0-2/0-1 ratio quite well. Fig. 7 further shows that the 0-2/0-1 ratio is practically independent of J inter . We have shown that this ratio is far more sensitive to the intrachain bandwidth, where it decreases with increasing E intra . 51 Interestingly, the 0-2/0-1 ratio is more than twice as large in P3HT films, reflecting a smaller intrachain bandwidth in P3HT vs MEH-PPV.
The vibronic linewidths in the calculated PL spectra in Fig. 7 are significantly narrower than the width, σ dis , of the Gaussian distribution from which the site energies are drawn. In fact, the emission lines are about 30% narrower than the already motionally narrowed 0-0 absorption line width with σ = 32 meV; the calculated inhomogeneous line width for the 0-0 PL line is only σ = 21 meV, which nicely agrees with the experimentally determined line width of 22 meV from Fig. 2 .
The significant Stokes shift observed in Fig. 7 of approximately 60 meV is in good agreement with the measured value of approximately 50 meV from Fig. 1(b) . The Stokes shift is due to spectral relaxation within the disordered density of states consistent with our assumption made in Fig. 7 that emission occurs only from the lowest energy thermally populated states within a given (disordered) dimer. This also leads to the aforementioned enhanced narrowing in the PL vibronic lines vs the absorption vibronic lines. 7 Although the measured PL spectrum continues to red-shift with further decreases in temperature (see Fig. 4 ), this cannot unambiguously be attributed to an increasing Stokes shift since we have not measured the absorption spectrum at lower temperatures due to scattering of the sample below the glass transition temperature of MeTHF. In fact, in P3HT films a significant redshift in the absorption spectral origin of several hundred wave numbers is observed upon cooling from room temperature to 10 K, 7 possibly due to a reduction of intermolecular contact distances and an associated increase in the red-shifting, nonresonant dispersion interactions.
We now turn to the temperature dependence of the PL line strength ratios. 8, 17 The PL ratio is largest at lowest temperature, reaching a value of almost 25 at T = 0 K, about an order of magnitude larger than the measured value from Fig. 2 , but decreasing steadily with increasing temperature. In Ref. 8 , the ratio at T = 0 K for disorder-free polymer chains was shown to satisfy
The prefactor, κ, accounts for the impact of vibronic coupling on charge separated states. κ is exactly unity in the limit of Frenkel chains (no charge separation), 8, 17 but generally deviates from unity for Wannier-like excitons, where it must be determined numerically. 8 For MEH-PPV, the parameters listed in the caption of Fig. 5 give κ ≈ 0.62 for the lowest energy, k = 0 exciton (1B u exciton). 8 When temperature is increased or disorder added, N in Eq. (16), is replaced by the coherence number, N coh . 8, 17 Hence, the PL ratio can be used to The dashed curves are obtained using Eq. (19) with κ = 0.62, ω c = 0.12 eV, and the interchain splittings, E inter , as calculated from Eq. (9) and reported in the figure inset. Equation (19) , which assumes no disorder, closely agree with the numerical results for disorder-free dimers. The arrows point in the direction of increasing disorder.
directly extract the exciton coherence size in isolated polymer chains (as well as linear J-aggregates). In the thermodynamic limit (where N is sufficiently large so that many levels exist within k b T), the PL ratio for noninteracting chains scales as the inverse square-root of the temperature, according to 8, 17 I 0−0
ω c is the band curvature, ω c ≡ (1/2 )d 2 E/dk 2 , evaluated at the bottom of the exciton band where k = 0 (k is the dimensionless wave vector ranging from −π to π ). From the 1 1 B u dispersion curve shown in Fig. 5(b) , the curvature is estimated to be ω c ≈ 0.12eV / . The dashed curve in Fig. 8(a) shows the single chain result using Eq. (17) . The latter does an excellent job in describing the attenuation of the PL ratio with temperature for hypothetical disorder-free MEH-PPV chains.
The impact of interchain interactions on the PL spectrum of disorder-free (σ dis = 0) chains is quite dramatic (triangles in Figs. 8(b) and 8(c) ) and discussed at great length in Ref. 22 . Once interchain interactions are activated the PL ratio for disorder-free chains drops exactly to zero at T = 0 K, as is required by symmetry for H-aggregates. This arises because the antisymmetric exciton in Fig. 5(b) has no transition dipole moment to the vibrationless ground state. Subsequent increases in temperature lead to thermal activation of the higher-energy symmetric state and an associated increase in I 0−0 P L /I 0−1 P L , whereupon the ratio peaks at the "HJ" transition temperature, T p , and thereafter drops with temperature like a J-aggregate. The peak (transition) temperature is simply proportional to the interchain splitting, E inter
where E inter is given in Eq. (9) . The overall behavior of the PL line strength ratios in disorder-free dimers is captured in the analytical expression
valid in the thermodynamic limit defined by the inequality. Equation (19) reduces exactly to the single chain result in Eq. (17) when E inter = 0. 8 The dashed curves in Figs. 8(b) and 8(c) are obtained using Eq. (19) . The agreement with the fully numerically calculated curves is excellent.
We now turn to the effect of disorder on the T-dependent PL ratio in coupled chains. Figs. 8(b) and 8(c) show that the ratio increases with σ dis at low temperatures, as is characteristic of H-aggregates, and decreases with σ dis at high temperatures (beyond T p ), as is characteristic of J-aggregates. This is especially evident in Fig. 8(b) . The overall effect of disorder is therefore to flatten out the temperature dependence Figs. 8(b) and 8(c) show that the changeover from H to J behavior based on the response to disorder does not occur exactly at T p but at slightly lower temperatures. At such "changeover" temperatures, disorder apparently has no effect on the PL ratio.
In Fig. 9 , the calculated temperature-dependent PL ratios are shown for several interchain interactions using the physically relevant value of σ dis (= 90 meV) deduced from the absorption analysis in Sec. V. The increased disorder over the values used in Fig. 8 induces practically T-independent behavior for all values of J inter . Also shown are the measured values of the PL ratio, obtained by dividing the 0-0 intensity by the sum of the mode 2 and mode 3 sideband intensities. Agreement between theory and experiment is quite good when J inter is 30 meV.
A. Radiative decay rate
As shown in Ref. 22 , the temperature dependence of the radiative decay rates in disorder-free dimers roughly tracks the T-dependence of I where k mon is the decay rate for a hypothetical repeat unit,
0 /3πε 0 c 3 , having the same emission frequency as the dimer complex. k rad is practically independent of temperature, consistent with the measured temperatureindependent PL lifetimes shown in Fig. 3(b) . Of course, this assumes that the nonradiative decay rates also do not depend on temperature, but this is expected since for singlet states in solution, the non-radiative decay is largely dominated by the temperature-independent internal conversion process. Fig. 10 also shows that k rad decreases with increasing interchain interactions, due to a more effective destructive interference between emission from the two chains, as is characteristic of H-aggregates. 
VII. EXCITON COHERENCE
We conclude our investigation with an evaluation of exciton coherence in MEH-PPV dimers. 52 As shown in Refs. 7 and 53, all information regarding exciton coherence is contained in the ensemble-averaged coherence function,
In Eq. (20), B † n ≡ |n; vac g; vac| creates a Frenkel-like exciton on the monomer unit located at position n. |n; vac represents the state in which the monomer at n is excited electronically with zero vibrational quanta in all 2N S 0 nuclear potentials, and |g; vac is the dimer electronic/ vibrational ground state. . . . C, T represents a dual configurational and thermal (Boltzmann) average over the lowestenergy emitting states, | (em) . FromC(r), one obtains the total number, N coh , of coherently connected chromophores 7, 17 N coh =C(0)
The coherence number diminishes with increasing disorder and/or temperature as the exciton localizes. 7, 17 In a π -stack, one can further identify the coherence lengths along the polymer backbone (L || ) and along the stacking axis (L ⊥ ). 51 For the dimer, we are mainly interested in L || , which is given by
where d is the length of a phenylene-vinylene repeat unit and the sum is restricted to values of r connecting two repeat units within the same chain (including r = 0). In Fig. 11 , the exciton coherence length along the chain is plotted as a function of temperature for disordered MEH-PPV dimers composed of 80-mer chains using the disorder width deduced from the absorption analysis in Sec. V. The value of L || ≈ 7d at T = 0 K deduced from Fig. 11 is substantially smaller than the total chain length, (N−1)d, due to the disorder-induced localization. The corresponding coherence number of ≈8 at T = 0 K agrees surprisingly well with the conjugation length of approximately 8 repeat units obtained by De Leener et al. 54 using quantum chemical techniques. Increasing temperature leads to a reduction in L || as the exciton undergoes additional thermally induced localization, similar to what happens in Frenkel chains. 17 The figure also shows a very interesting effect due to interchain coupling: increasing J inter leads to an increase in L || . We believe this arises from the ability of excitons to "side-step" deep traps along the chain, by hopping to the neighboring chain.
Comparison between Figs. 11 and 9 reveals that despite the existence of a nearly temperature-independent PL ratio for disordered, interacting chains, the coherence length is temperature dependent. However, a direct proportionality between I The coherence length L || of the MEH-PPV 1 1 B u exciton measured along the chain (see Eq. (22)) is conceptually different from the commonly referred to conjugation length. The latter is based on the planarity of the individual chains, so that one could say that in a perfectly planar chain (with no other sources of disorder) the conjugation length is equal to the chain length. This is not so for L || because it depends on disorder and temperature. Generally, L || shrinks with increasing temperature and can therefore be substantially smaller than the chain length, even on a totally planar chain, or more generally, even when there is no disorder. 55, 56 This is easiest to appreciate in a density matrix formalism where a thermal distribution of emitting excitons is represented by a diagonal density matrix expressed in the "k-space" eigenbasis (assuming no disorder). Canonical transformation to the site basis gives rise to spatial coherences which extend over a narrower distribution of sites as temperature is increased.
Normally, the conjugation length is associated with the red-shift of the emission origin, rationalized using a particlein-a-box type approach. 27 Our estimate of the conjugation length of about eight repeat units (coherence length at T = 0 K) from Fig. 11 is somewhat smaller than the estimates of about 15 or so repeat units based on spectral shifts made in Ref. 22 using the Kuhn model. The discrepancy is likely due to our assumption of spatially uncorrelated disorder. Adding spatial correlation along the polymer chain enhances resonance between neighboring monomers thereby extending coherence.
VIII. DISCUSSION/CONCLUSION
The aggregate red-phase of MEH-PPV is characterized by weakly coupled HJ-aggregates in which the interchain splitting, E inter , is roughly an order of magnitude smaller than the (0-0) intrachain 1 1 B u exciton bandwidth, E intra . For the parameters which best reproduce the measured absorption and PL spectral line shapes, we obtain E intra ≈ 0.2 eV and E inter ≈0.012 eV. Generally, the photophysical response results from a competition between intrachain interactions which promote J-like behavior, and interchain interactions which promote H-like behavior.
In red-phase MEH-PPV, the measured ratio, I
P L , as well as the PL lifetime is practically independent of temperature in the range from 5 K-160 K. This is in stark contrast to the strong temperature dependence predicted by the HJ-aggregate model when disorder is absent (see Figs. 8(b)  and 8(c)) . 22 In the absence of disorder (σ dis = 0), the PL ratio is exactly zero at T = 0 K due to destructive interference between the emission occurring from each chain, as expected for H-aggregates. The ratio increases with temperature as the higher-energy symmetric exciton is populated (see Fig. 5(b) ), peaks when kT is approximately equal to the interchain splitting, E inter , and subsequently decreases with further temperature increases, as expected for J-aggregates. The radiative decay rate follows a similar pattern. 22 Adding static disorder has a profound effect on the temperature dependence. 57 In our model, the disorder is due to a Gaussian distribution of spatially uncorrelated electron and hole site energies, where a "site" is defined as a single phenylene-vinylene repeat unit within a given polymer chain. Disorder increases the PL ratio at low temperatures, as the symmetry required for perfect destructive interference inherent to H-aggregates is destroyed, and decreases the PL ratio at high temperatures, as is characteristic of J-aggregates. The overall impact of disorder is to level off the temperature dependence of both the PL ratio and radiative decay rates. When Gaussian disorder width, σ dis , is chosen such that the motionally narrowed line width matches the measured absorption spectral line width (σ dis = 90 meV), the PL ratio and radiative decay rates become essentially temperature independent. Agreement with experiment is excellent for J inter = 30 meV.
Our calculations show that a single, disordered MEH-PPV chain depicted by the J inter = 0 curves in Figs. 9-11, behaves like a J-aggregate with respect to the following vibronic signatures. 18 (1) The PL ratio I A , is larger than the value (=1/2) for a single repeat unit. Our spectroscopic measurements for the red-phase of MEH-PPV are consistent with properties 1 and 4 if we compare the measured PL and Ab ratios (both greater than one) to the significantly smaller values found in small oligomers such as stilbene. 31 Property (3) is difficult to test experimentally since disorder is not easily controlled. As for Property (2), the calculated (slight) decrease in the PL ratio in Fig. 9 with temperature (J inter = 0 curve) is difficult to distinguish from the measured temperature-independent PL ratio from Fig. 2 . However, the magnitude of the calculated line strength ratio, I 0−0 P L /I 0−1 P L , for a single chain (≈2) does not agree with our measured value of approximately 1.5 (see Fig. 9 ). One needs interchain interactions with J inter ≈ 30 meV in order to reduce I 0−0 P L /I 0−1 P L to the measured value. Hence, the red-phase of MEH-PPV is best described as a disordered HJ-aggregate. This is consistent with measurements of the "red" single-chromophore emitters found in single molecule spectroscopy of MEH-PPV by Yu and Barbara, 31 where the spectrum strongly resembles the red-phase PL spectrum presented here, but with a slightly larger value of I 0−0 P L /I 0−1 P L . HJaggregates of red-phase of MEH-PPV therefore spectrally resemble single, elongated chains, but for the reduced 0-0/0-1 PL ratio.
We should point out that our estimation of the interchain coupling, J inter , is likely a lower limit. This follows because we have omitted spatial correlation between electron (and hole) site energies in the disorder distribution in Eq. (6) . Inclusion of spatial correlation along the chain enhances the exciton coherence length and the single-chain 0-0/0-1 PL ratio. As the latter increases, a larger value of J inter is needed to bring the PL ratio back down to the measured value. (Interestingly, spatial correlation has minimal effect on the absorption ratio, as this ratio is mostly sensitive to the exciton bandwidth and not the coherence length.)
One way to better appreciate how the competition between interchain and intrachain interactions impacts the PL ratio is in the limit of relatively weak disorder, σ dis ∼ < 22 meV, where the maximum PL ratio in Fig. 8 (occurring at T = T p ) does not significantly differ from the disorder-free value. Hence, we can use the simple analytical formula in Eq. (19) , which was derived strictly for ordered chains in Ref. 22 , to obtain the maximum PL ratio in the limit of weak disorder. This is determined by evaluating Eq. (19) at the peak (HJ-transition) temperature, T = T p . Substitution of Eq. (18) into Eq. (19) gives
Equation (23) shows how the competition between intra-and interchain interactions manifests in the size of the PL ratio.
The maximum PL ratio increases with the curvature ω c of the exciton band (ω c is strongly correlated to the intrachain bandwidth E intra ) and decreases with the interchain splitting ( E inter ). The fascinating property of Eq. (23) is that it places no limit on how large the PL ratio may get, given that the thermodynamic limit is maintained. Moreover, since the sideband intensities are practically independent of temperature, 22 it is the 0-0 intensity that is mostly responsible for changes in the PL ratio. Hence, polymer dimers can even be superradiant (when compared with the monomer unit decay rate, k mon ) in cases where the intrachain curvature (or bandwidth) significantly exceeds the interchain bandwidth. Equation (23) shows how fundamentally different a polymer dimer is compared with a dimer composed of small oligomers. The latter is an example of a classic H-aggregate of Kasha and co-workers, [9] [10] [11] [12] which is strictly nonfluorescent if vibronic coupling is absent (k rad = 0) or weakly fluorescent (assuming k rad k nonrad ) with a substantially attenuated 0-0 peak, when vibronic coupling is included. 18 The possibility that polymer dimers can have a dominant 0-0 PL band and can even superradiate is completely at odds with what is expected of conventional Haggregates. Equation (23) shows that the emergence of J-like behavior is due to a dominance of the intrachain vs interchain exciton bandwidths. The J-like rise in I 0−0 P L /I 0−1 P L has been observed in other polymers such as P3HT when going from spin cast films to solution grown nanofibers. 23 The likely explanation involves changes in morphology: increased torsional disorder in spin cast films reduces the intrachain exciton bandwidth while enhancing the interchain bandwidth. The latter effect is a result of shorter conjugation lengths which leads to larger interchain interactions. [58] [59] [60] [61] We believe that J-dominant effects are operative also in polyfluorene polymers, where the β-phase is also characterized by a substantial increase in I 0−0 P L /I 0−1 P L . This is evident when comparing the room temperature absorption and emission spectra of the polyfluorene β-phase 62 with the 10 K spectra, 63 as well as when comparing, at 10 K, the Huang-Rhys factors of the disordered phase polyfluorene with β-phase polyfluorenes. 63 The resulting I P L when the blue-phase is converted to red-phase MEH-PPV is due to an enhanced coherence length along the chain (L > 7 repeat units) associated with chain elongation. When the unit cell transition dipole moments are aligned within the coherence length, the 0-0 transition strength is constructively enhanced by N coh , as occurs in linear Jaggregates. This follows from the uniquely coherent nature of the 0-0 PL transition as opposed to the largely incoherent sidebands. 8, 17, 18 In the coiled blue-phase, the transition dipole moments are more randomly oriented within smaller coherence lengths, thereby degrading the 0-0 transition intensity (as well as I 0−0 P L /I 0−1 P L ). Hence, in a coiled conformation one has to contend with (at least) two sources of disorder: the usual site-energy disorder as well as transition dipole alignment disorder. We are currently considering PL in the blue-phase morphology in greater detail as well as the applicability of our model to other emissive conjugated polymers.
